Annual fluctuations of bacterial numbers were surveyed at four stations in Lake Biwa between [1981][1982]. The total count obtained by acridine orange direct microscopic count method changed in the order of 105-106cells per ml at St. Ie (sited in the pelagic area of the north basin), and 106-107cells per ml at three stations in the south basin. The percentage of the viable count to the total count (V/T ratio) ranged from 0.009 to 1.81%, and the ratio tended to be higher in more eutrophic water. Generally, at St. Ie, the vertical profiles of both total and viable counts clearly correlated with those of chlorophyll-a, pH and dissolved O2 (% saturation) ; however, hypolimnetic O2 depletion had no effect on bacterial numbers. Rank correlation analysis for the samples of epilimnion also showed significant correlations (p<.0005) between bacterial numbers and pH, chlorophyll-a and dissolved O2 (% saturation), but not pheopigments. These results suggest close relationships between phytoplankton and bacteria in Lake Biwa.
Introduction
Quantitative aspects of bacterial distribution in lakes have been widely investigated, and several environmental variables have also been discussed as the possible factors controlling bacterial numbers (OVERBECK, 1965 (OVERBECK, , 1968 GERLETTI and MELCHIORRI-SANTOLINI, 1968; GOLDMAN et al., 1968; JONES, 1971 JONES, , 1977 . However, the lack of the appropriate counting methods of bacterial numbers has made it difficult to elucidate the intricate bacterial dynamics in nature for a long time. Thus, the viable count based on plate count methods represents only a minor portion of the total bacterial number (BUCK, 1979) , while the conventional direct microscopic count technique is inaccurate (HOBBIE et al., 1977; HOBBIE and WRIGHT, 1979) and even impossible for the detritus-rich eutrophic bodies of water (TEZUKA, personal communication) .
The development of the acridine orange direct count (AODC) method (HoBBIE et al., 1977) first made it possible to enumerate total bacterial numbers of natural waters in an accurate and simple manner. Although the problems associated with the viability or the activity of cells counted by the AODC still remain (MEYER-REIL, 1978; ZIMMERMAN et al., 1978; KOGURE et al., 1980) , the AODC method is the most suitable technique at present for providing the information on the number and the biomass of native bacteria. The aims of this preliminary work were to clarify the annual changes in the horizontal and vertical distributions of bacterial numbers (total bacteria and viable heterotrophic bacteria) in Lake Biwa for basic information on microbial processes, as well as to study the correlations between bacterial numbers and certain environmental variables (i. e., temperature, pH, dissolved 02, chlorophyll-a and pheopigments). Van-born water-sampler for total count and chemical analysis. To collect the samples for viable count, a sterile J-Z sampler was used. Water samples were maintained in an ice box on board and treated within 3-4 hours in the laboratory. Total counts were obtained by the acridine orange direct count (AODC) method according to HOBBLE et al. (1977) with slight modifications. Samples were fixed with 2°0 formalin, preserved in a refrigerator, and counted within 3 weeks. The volume of sample waters to be filtered through 0.2 ,am Nuclepore filters (previously treated with Sudan Black B) was adjusted by dilution with particle-free deionized water to give a final volume larger than 10 ml. Such dilution was employed to ensure the even distribution of bacterial cells on the filters of which efficient filtering area was ca. 250 mm2. The cells were then stained with prefiltered acridine orange (10 mg dissolved in 100 ml of 0.067M phosphate buffer, pH 7.2) for 3 minutes. Using immersion oil, the moist filters were mounted on slides. At least 400 cells with clear margins were counted for each sample with a NIKON epifluorescent microscope (x1250) equipped with B-excitation filters, a 515W barrier filter and a 50-W halogen lamp. Usually most cells fluoresced greenish white but were stained weak orange in some cases (especially in winter), and both green and orange cells were counted. Viable counts were obtained by the plate count method using 1/4-PYG agar medium (0.5 g polypepton, 0.25 g yeast extract, 0.125 g glucose, 15 g agar in 1 liter deionized water; pH 7.0) , which provided much higher counting values than those with the widely used cultural media such as ZoBell 2216E which contains a large amount of organics (preliminary tests). After the incubation at 20J12°C for 20-25 days, colonial numbers of three to five plates for each sample were counted and aerobic heterotrophic bacterial numbers were estimated.
Chlorophyll-a and pheopigments concentrations were determined by the method of LORENZEN (1967), and dissolved 02 was measured by the Winkler method.
2-3. Statistical analysis Correlations were calculated by nonparametric method (rank correlation; SIEGEL, 1956) , because most of the total counts did not distribute normally but, in many cases, randomly (72-test, KolmogorovSmilnov test). In such cases, 95°o confidential limits of total counts would be around 10°% of the mean when at least 400 cells were counted for each sample (JONES, 1974 (JONES, , 1977 .
Some 30 to 100 colonies per plate were counted for the estimation of viable counts. In many cases the distribution of colonial numbers did not fit the Poisson distribution (72-test), and variances of samples were usually very large (i. e., coefficients of variation were about 25% without transformations).
As to the natural samples, errors associated with the dilution procedures, cell clumping or interactions of bacteria on agar plates may have seriously affected the sample variances.
3. Results and discussion 3-l. Physicochemical conditions Vertical profiles of temperature at St. Ie showed thermal stratification of water from April to December and complete circulation in February.
The range of temperature variation in a year was 6.6-27.5°C in the surface layer, but relatively small (6.6-7.6°C) in the hypolimnion of St. Ie. The pH level reached 9.6-9.8 in surface layers of both basins in summer, but was almost unchanged (ca. 7.0) in the hypolimnion of St. Ie throughout the year. Thermal stratification caused 02 depletion in the hypolimnion of St. Ie and dissolved 02 reached a minimum value of 35% (January).
3-2. Changes of bacterial numbers Figure 2 shows the annual fluctuations of viable and total counts at various depths of St. Ie. Although the fluctuations of viable counts were more drastic than those of total counts, it is evident that both bacterial counts in the surface layers were higher than in the lower layers during the stagnation period, but almost equal during the circulation period. This indicates that the annual cycle of stratification and overturn of water had a great effect on bacterial distribution at St. Ie.
In the eutrophic Lake Yuno-ko (water depth ca. 12 m), TEZUKA (1970) described the changes of vertical distribution of viable count such as at St. Ic. JONES (1977) also pointed out the great effect of the stratification process on the bacterial distributions. However, in Lake Motosuko (an oligotrophic lake; water depth ca. 120 m), KHDA and TEZUKA (1979) found no clear correspondence between temperature and bacterial numbers (total and viable count) in summer.
Thermal stratifications may have different effects on the distribution of bacterial numbers depending on the properties of lakes.
At three stations in the south basin, as in the north basin, viable counts fluctuated more drastically than total counts (Fig.  3) . However, the shallowness of this basin, which leads to the resuspension of bottom mud and great terrestrial influences, made it difficult to interpret the changes in bacterial numbers at these stations, and no clear seasonality could be found.
3-3. Free-living and attached bacteria
During direct microscopic observations of bacteria stained with acridine orange (AODC), the bacteria attached onto sestons were found infrequently.
On counting of 10 to 30 microscopic fields (40 ,um > 40 um 3-4. Annual mean bacterial number and V/T ratio Table 1 shows the summary of bacterial population estimates.
In Lake Biwa, the orders of total and viable bacterial numbers were 106-107 and 101-105 cells per ml, respectively, and the percentage of the viable count to the total count (V/T ratio) ranged from 0.009 to 1.81 %. The bacterial number and V/T ratio tended to be higher in eutrophic than in oligotrophic regions. Such a small V/T ratio indicates, as has frequently been discussed (BUCK, 1978) , the selective nature of cultural conditions and in some part the existence of dormant, dead or autotrophic cells. As to the latter possibility, recent approaches employing autoradiography (MEYER-REIL, 1978) , TNT-reduction (ZIMMERMAN et al., 1978) or nalidixic acid inhibition (KOGURE et al., 1980) revealed that some tens per cent of bacteria counted by the AODC method is usually alive in an aquatic environment (HOBBIE and WRIGHT, 1979) .
As to the former problem (cultural selectivity), the prevalence of oligotrophic bacteria has drawn more and more attention (KUZNEZOV et al., 1979) . Recently, ISHIDA and KADOTA (1979) developed the MPN-C'4-glutamate method to enumerate the bacteria named obligate oligotrophs which grew only in the low nutrient media (ca. 0.6 mg organics • l-1) . They suggested that obligate oligotrophs were the dominant bacteria in the oligotrophic water bodies of Lake Biwa (IsHIDA et al., 1980) .
The present results of low V/T ratio are explainable in part by the predominancy of obligate oligotrophs which cannot grow on the agar plate used in the present study (containing ca. 800 mg organics • l~l) . However, other cultural conditions such as moisture, pH and temperature may also greatly influence the bacterial colony formations on agar plates.
3-5. Vertical profiles of bacterial numbers
and environmental variables Figure 4 shows some typical vertical distribution patterns of bacterial numbers and environmental variables at St. Ie. The data on 12 May and 16 September (Fig.  4 a, c) reflect strong correlations between bacterial numbers and temperature, pH, chlorophyll-a and dissolved 02 (but hypolirnnetic 02 depletion had no effect on bacterial numbers at this station). This kind of vertical correspondence has been reported by OVERBECK (1968) , who emphasized the dependence of hecteria on phytoplankton.
In the case of 12 July (Fig.  4b) , however, the peaks of bacterial numbers (in 10 m layer) did not correspond to those of pH, chlorophyll a, and dissolved 02 (in 5 m layer). The possible interpretation (a) 12 MAY 1982 (b) 12 JULY 1982 (c) 16 SEPTEMBER 1982 (d) 15 DECEMBER 1982 of this phenomenon is as follows; phytoplankon produced in 5 m layer continuously sunk below, reduced light made it weak, and then the sinking phytoplankton was attacked and destroyed by bacteria, leading to maximum bacterial numbers in 10 m layer, where the peak of pheopigments (degradation products of chlorophyll-a) is found. Although zooplankton might participate in these processes (FUHRMAN et at., 1980) , no data on zooplankton are reported here.
On 15 December (Fig. 4 d) , partial overturn caused an even distribution of each parameter except dissolved 02 which was depleted in the hypolimnion.
3-6. Rank correlation analysis Rank correlation analysis was conducted on epilimnetic samples to cancel out the overwhelming effect of overturn and stagnation of water on investigated variables (previously described).
High correlation between total count and viable count (Table  2) seems to indicate that the changes of viable count, although representing only a small portion of total bacterial numbers, correspond well to those of total bacterial numbers. The significant rank correlations (at .0005 level) between bactrial numbers (both total and viable count) and chlorophyll-a, pH and dissolved 02 ( (OVERBECK, 1965 (OVERBECK, , 1968 .
The possible mechanisms controlling bacterial populations by phytoplankton have recently been schematized as heterotrophic uptake by bacteria of extracellular photosynthetic products (EP) of phytoplankton (SAUNDERS and STORCH 1971; DERENBACH and WILLIAMS, 1974; TANA-KA et at., 1974) . Some authors estimated that over 20 per cent of photosynthetic products were channelled through bacterial production as EP release (DERENBACH and WILLtAMS, 1974; LARSSON and HAGSTROM, 1979) .
Besides direct DOC release from phytoplankton, however, there are other potential sources of bacterial nutrition such as DOC losses from phytoplankton related to zooplankton grazing (LAMPERT, 1978; FUHRMANN et al., 1980) , or allochtonous DOC supply. Especially in the nearshore area, the allochtonous organic load may be great. Moreover, zooplankton grazing on bacterial populations is a possible factor (SOROKIN and PAVELJEVA, 1972; HANEY, 1973) . Although these factors (allochtonous DOC , zooplankton) were not investigated in this study, they could greatly influence the bacterial population dynamics in a different manner depending on the station and the season. This makes it difficult to draw a decisive conclusion from the present correlation analysis.
In this study, a close phytoplanktonbacterial relationship was suggested to be a general trend in Lake Biwa. Further detailed study of this relationship is very important to discuss more profoundly the seasonal changes of bacteria; moreover, information is now needed on the direct and indirect influence of zooplankton on bacterial populations.
